I Introduction
The cell membrane is a place of highly important biochemical reactions. The ability to induce and transduce biochemical signals at the cell membrane depends on its composition, organization and physical properties. 1 Vesicles composed of phospholipids are a commonly used first approach towards a realistic cell membrane. 2 Numerous studies have investigated the thermodynamic and mechanical properties of vesicles using various techniques. Among these techniques, calorimetry is the standard to study temperature transitions, 3 whereas flickering analysis, 4 micropipette aspiration 5 or deformation of vesicles in shear flow 6, 7 are approaches to characterize their mechanical properties, such as the bending modulus. Recent techniques based on the optical or electrical manipulation of vesicles have emerged that can lead to the development of microfluidic integrated systems for efficient characterization of vesicles. For example, bending moduli have been characterized by studying the deformation with optical tweezers, 8, 9 or with an electric field. 10, 11 However, in general, thermodynamic and mechanical characterization requires separate experimental setups which constitute a serious limit for a high throughput analysis. In the case of the optical characterization of vesicles, the choice of wavelength is crucial as heat absorption by water induces temperature changes, which can sensitively affect vesicle properties. Such temperature effects have been characterized in optical tweezers 12 and in dual-beam laser traps 13 for a specific, commonly used wavelength (1064 nm). Nevertheless, these temperature effects need not be detrimental but -if well controlled -can be usefully exploited, for example for trapping DNA. 14, 15 In this article, we study the deformation of vesicles inside a dual-beam laser trap, called an optical stretcher (OS) if used for deformation purposes, 16, 17 and investigate the effect of wavelengthdependent heating on the deformation. The deformation of the vesicles in an OS is caused by optically induced surface stresses, which have been extensively used for the characterization of cell and nuclear mechanics. [17] [18] [19] [20] [21] While optically induced stresses are fairly insensitive to the choice of wavelength, the heat absorption of 2 the medium is strongly dependent on it. This opens up the possibility of tuning the temperature optically if the wavelength is chosen correctly and controlling optically induced stress and temperature separately by the use of two appropriate laser sources. Previous studies [22] [23] [24] on the deformation of vesicles in an OS were conducted with low power 808 nm laser diodes, in which heating effects were not considered. Here, various near-infrared laser sources are used to study the influence of wavelength on the deformation and the heating of vesicles. We show (i) that a 808 nm OS can be used to study vesicle deformation without noticeable heating effects even at high power. We develop a quasispherical theory for the specific case of optical stretching to measure bending rigidity and initial tension values of the vesicles that take explicitly into account the angular dependence of the optical stress whereas previous studies were restricted to the maximum optical stress or the average optical stress exerted on the vesicle. [22] [23] [24] We then show (ii) that a 1064 nm OS can induce a significant heating of vesicles at high power and (iii) that a 1480 nm laser source can be used for intentional heating with negligible levels of optical stress induced, which can be advantageously used to probe thermodynamic properties such as the melting temperature of the phase transitions. When several wavelengths are combined together, it is then possible to manipulate optically and to control the temperature of the vesicles independently. We have developed these dual-wavelength optical stretchers both in a simple open setup configuration and in a microfluidic chamber, the latter being interesting for high throughput analysis to study the influence of drugs, pH or chemicals on membrane properties.
II Materials and methods

A Optical stretcher setups
The OS is a dual-beam optical trap that has been described in detail elsewhere. 25 Briefly, two counter-propagating laser beams, emerging from single-mode optical fibers, are combined to trap (at low power P r 0.1 W per fiber) and deform (at P Z 0.4 W per fiber) vesicles using optically induced stresses. Two kinds of setups were designed for this study (see Fig. 1 ). The first setup called the ''open setup'' is more flexible and simpler to build. It is illustrated in Fig. 1d and consists in aligning the two fibers along an alignment guide (a glass capillary) fixed to a glass slide. 26 Fiber alignment was verified optically by imaging the core of the fibers in phase contrast microscopy. Of note, the open setup allows us to easily change the distance between fiber ends by pulling them apart, which in turn changes the stress profile induced on the vesicle. A micropipette was used to bring the vesicles in the center of the optical trap. A second setup called the ''microfluidic setup'' based on a microfluidic system, which has been described previously, 25 was used where the fiber ends are located on either side of a square glass micro-capillary (see Fig. 1e ). Vesicles were injected into the glass capillary using hydrostatic reservoirs. This second setup is more complicated to build and less flexible in its operation but enables high-throughput measurements compared to the first setup as already tested for cell measurements. 25 Different kinds of laser sources are used in this study to induce various degrees of heat absorption in the surrounding and the enclosed medium (mainly composed of water). The first laser source, an ytterbium-doped fiber laser (YLD-10-1064, IPG Photonics, Germany) operating at a wavelength of 1064 nm with a maximum power of 5 W, was used in both open and microfluidic setups. The 1064 nm laser has been the standard laser for optical stretching because the light is generated inside a single-mode fiber with sufficiently high power, turn-key operation and fast rise times (directly controlled by the current of the pump diode). The primary laser fiber was split (50 : 50) into two 1064 single-mode optical fibers (HI1060, Thorslabs) that are then aligned in an open setup (Fig. 1d ). The second kind of laser sources were two high-power laser diodes operating at 808 nm with a maximum power of 1 W per diode (EYP-TPL-0800-01000, Eagleyard Photonics), which were coupled into two 808 nm single-mode optical fibers (SM800-5.6-125, Thorslabs). These two optical fibers were then aligned along the capillary in an open setup. In contrast to the 1064 nm laser, the 808 nm laser option has only recently become available at the required laser powers. Light powers approaching 1 W at 808 nm are possible with a tapered diode laser, whose astigmatic output beam is coupled into a single-mode fiber, which then serves as a spatial filter and ensures a Gaussian profile of the output beam for optical stretching. This coupling requires delicate free-beam to fiber coupling using a cylindrical lens, which causes the output power to be sensitive to mechanical and thermal drift, especially when switching between low and high power operation. A feedbackcontrolled power adjustment reduced output power drifts and enabled the study of vesicle deformations at 808 nm with much higher powers compared to previous studies. [22] [23] [24] The third laser source, a fiber-coupled laser diode operating at 1480 nm with a maximum power of 200 mW (Alcatel 1948 PLI 200 mW, Laser 2000), was used in combination with a 1064 nm fiber with a 1064-1480 wavelength division multiplexer (Gould Fiber Optics). Light at 1480 nm is strongly absorbed by water so that this laser could be used to only heat without significant additional mechanical stress. The absorption coefficient of water at 808 nm, 1064 nm and 1480 nm is, respectively, a = 0.019 cm À1 , 0.146 cm À1 , and 23.239 cm À1 , 27 which corresponds to increases in temperature of DT E 2 1C W À1 , 16 1C W À1 , and 2090 1C W À1 as discussed later and summed up in Table 1 . To independently tune the mechanical stress and the temperature, an ideal case would be to combine 808-1480 nm sources into the same optical fiber. However, a single-mode optical fiber at 1480 nm is not single-mode for 808 nm light, which would excite higher order modes and the output beam would not be suitable for trapping and controlled deformation. Fortuitously, the single-mode fiber for 1064 nm light still permits sufficient power transmission for heating with 1480 nm light. In addition, at a given power, the heating which is directly related to the absorption coefficient is much stronger at 1480 nm than at 1064 nm. A combination of 1064-1480 sources could then be used to both deform (mainly with 1064 nm) and heat vesicles (mainly with the 1480 source). A sketch of this 1064-1480 nm laser combination is illustrated in Fig. 1e and was used in a microfluidic setup.
B Preparation of vesicles
Several types of phospholipid vesicles were prepared depending on the type of experiment. For studies at 808 nm and 1064 nm wavelengths, we use a mixture of Egg PC phospholipids (EPC), DOGS-NTA-Ni phospholipids and cholesterol (all from Avanti Polar Lipids) in a molar ratio (58 : 5 : 37) according to Pontani et al. 28 This phospholipid mixture -called EPC for simplicity from here on -has been used to mimic cell membranes and to reconstitute actin cortices inside vesicles when combined with actin. 28 Therefore, the EPC mixture can help to understand what happens to cell membranes during optical stretching. Such EPC vesicles were used to study deformation in the 808 and 1064 nm optical stretchers. However, this EPC mixture does not have a well defined temperature transition. For thermodynamic investigation, we prepared DPPC and DSPC vesicles (Avanti Polar Lipids) to study them below and above their well-defined transition temperatures of T DPPC = 41.6 1C and T DSPC = 55 1C 29 in the combined 1064-1480 optical stretcher. All vesicles were prepared essentially by electroformation in a sucrose buffer solution according to the method described in ref. 23 and 30 . DPPC and DSPC vesicles were grown above their melting temperature at 60 1C for DPPC and 70 1C for DSPC. Briefly, lipid mixtures were dissolved in methanol and were deposited onto ITO microscope slides and left to dry over-night. Sucrose solutions were used as an inner buffer. Vesicles were formed after 2H by applying a 1.4 V AC field at 10 Hz. Vesicles were then transferred by dilution into an outer buffer solution of glucose. In order to have a high refractive index difference that induces large optical stress, glucose and sucrose concentrations were chosen to be around 1000 mOsm of osmolarity. The refractive indexes for sucrose and glucose solutions were measured using an Abbe refractometer to be n suc = 1.370 and n gluc = 1.355. To avoid any adhesion of vesicles in the microfluidic setup, this setup was previously cleaned with BSA solution. Optical stretching experiments were conducted at room temperature.
C Image analysis
Vesicles were imaged using a phase contrast microscope (Ellipse, Nikon) and recorded using a digital camera (AVT Marlin F-146B, First Sight Vision, UK). Vesicle pictures were analyzed with a custom-written Labview program. Basically, the analysis program detects the edges of the vesicle and then performs a Fourier decomposition of this 2D cross-section of the spheroidal vesicle contour. An ellipse is fitted to the Fourier contour in order to find the semi-major axis, M and the semi-minor axis m of the fitted ellipse as defined in Fig. 1c . The major axis strain (respectively minor axis strain) is defined by DM/R = (M R)/R (respectively Dm/R = (m R)/R), where R is the mean radius of the vesicle in the undeformed state.
D Calculation of optical stress and analytical approximation
The optical stretching force on a vesicle as illustrated in Fig. 2a arises from the transfer of photon momentum to the vesicle interface. Incident photons carrying a light momentum p inc = n med E/c (n med the refractive index of the surrounding medium and E the energy of the photon) are partially reflected and transmitted at the interface due to the refractive index contrast between the exterior and the interior of the vesicle. In a first analysis, the optical stress exerted at a given point of the interface is simply related toDp = (
p r and p inc are the photon momentum of the transmitted, reflected or incident photons, respectively, satisfying p i = n i E/c. However, a full calculation of the optical stress induced on the surface of spheroidal objects is a non-trivial problem and various approximations have been proposed. The optical stress has been described using ray optics (RO) approximations with 31 or without internal reflections, 17, 32 or using more exact calculations in the framework of Generalized Lorentz Mie Theory (GLMT). [33] [34] [35] The RO approximation is normally justified at a wavelength l as long as 2pR/l c 1 and as long as the typical phase shift is such that 2pR(n scat /n med 1)/ l c 1, 36 where n scat and n med represent the refractive index of the scatterer and the medium, respectively. For our experiments, vesicles where chosen with R Z 4 mm implying that the first condition is well fulfilled since we used light with wavelengths between 0.808 mm and 1.5 mm. The second condition seems to be more difficult to satisfy for biological samples as Dn = (n scat n med ) r 0.04 and n med E 1.33-1.35, which implies R c 8 mm. In this study, radii were between 4 mm and 13.5 mm. However, the accuracy of RO approximations has recently been compared to GLMT calculations. 34 Interestingly, the RO approximation can well describe the stress within 10% even in the case where the phase shift is only close to one (2pR(n scat /n med 1)/l E 0.8). The main discrepancy between RO and GLMT occurs at the equator of a spheroid oriented along the laser axis, where the RO approximation assumes a zero electromagnetic field, which is not the case. Therefore, in the present work the optical stress was calculated using RO. In addition, during stretching the vesicle is deformed and the distribution of optical stress induced at its surface might change. This question has been recently addressed with more elaborate numerical methods that take into account the spheroidally deformed shape. 34 It has been shown that the peak stress -i.e. the maximum stress -and stress distributions are similar within 10% between the elongated spheroid and the sphere as long as relative axial deformations remain below 10%. Therefore, we have neglected this small change and considered that the stress profile for both spherical and spheroidal vesicle is sufficiently well described by the stress applied on the spherical shape. Thus, in this work the optically induced stress is numerically computed for the initial spherical shape based on RO approximations as described in ref. 32 . Because the refractive index contrast is small (Dn r 0.015), multiple reflections could be neglected as in ref. 17 as they do not contribute significantly to the stress. Typical stress profiles are shown in Fig. 2b and c. The peak stress s 0 is obviously along the fiber axis and can be related to refractive indexes and beam intensity by a simple formula given in the ESI. † As in other RO studies, 31, 32 peaks at a high polar angle (y E 801) appear. They constitute an artifact of the RO approach 34 due to specific refractions inside the vesicle as well described in ref. 32 . Such peaks do not contribute significantly to the total stretching force -defined as the projection of the total optical force along the fiber axis -since these peaks are very localized. Fig. S2 (see ESI †) shows that the optical stress profile depends on the ratio R/w between the radius R of the vesicle and the beam waist w at the vesicle center. Basically, when R/w r 1, the entire vesicle is exposed to laser beams, which leads to an almost homogeneous optical stress, whereas for R/w 4 1 the optical stress profile is more localized. Previous studies have considered either a mean optical stress 22 or the maximum stress 23 to describe the deformation of vesicles. However, the optical stress profile and thus the total projected stretching force (as shown in Fig. S2 (see ESI †)) strongly depend on the ratio R/w. In this work, we develop a quasispherical approach to characterize vesicle deformation with the optical stretcher that takes into account the angular dependence of the optical stress profile. As no exact analytical expression of the optical stress exists, we use a cos 2 approximation as motivated in ref. 17 and 38 and defined by s(y) = s 0 cos 2 y where s 0 is the peak stress obtained from RO calculations. Interestingly, such an approximation has proved to work relatively well when R/w E 0.8-0.9 as shown in Fig. 2b . This specific profile will constitute the basis for the analytical treatment of vesicle shape deformations as presented below but other analytical approximations could be adapted in future studies.
III Theory: deformation in the optical stretcher
A Minimal model for deformation of a liquid drop in an optical stretcher Vesicles are often described as very soft objects with very low tension. 39 So, a first approximation considers the vesicle as a liquid drop with isotropic properties and a constant surface tension, S 0 . This liquid drop model follows the approach developed in ref. 40 for optical tweezers and extends it for the specific case of the OS where the locally varying stress profile has to be taken into account and not only a total deformation force. Such a simple model can provide a useful comparison between vesicle and drop deformations.
Locally, the law of Laplace for a polar angle y can be written according to the geometry defined in Fig. 2a as:
where P int and P ext are the internal and external pressure, s(y) the local optical stress, and C the local curvature. Note that since the problem is rotationally symmetric with respect to the fiber axis, the azimuthal angle f does not appear in the equations and only the polar angle y has to be taken into account. Subtracting the two equations for polar angles of y and y ¼ p 2 allows the elimination of the pressure difference, and yields sðyÞ s
Integrating this relation projected along the fiber axis gives the equilibrium between the optically induced axial deformation force and the restoring force due to surface tension:
The vesicle is assumed to be deformed into a prolate shape and is characterized by the semi-major axis M and the semiminor axis m. Volume conservation implies DM = 2Dm. So, m = R(1 DM/(2R)) and M = R(1 + DM/R) to first order in DM/R. The local curvature at angle y is the curvature of the associated prolate:
thus the right hand side of eqn (3), i.e. the global restoring force on one half of the droplet along the fiber axis due to surface tension can be expressed to first order in DM R as
which is equivalent to the expression in ref. 40 . To introduce the optically induced force, we use the ad hoc approximation of the stress profile as cos 2 (y) for the further first-order, analytical derivation of the deformation, which yields for the left hand side of eqn (3)
The final deformation DM R is given by mechanical equilibrium between these two forces, from which we get a very simple relation between the deformation for small stress and small
This minimal model does not take into account the bending energy and the possible dependence of the tension on the applied stress as it should be the case for a vesicle. In the next section, a quasi-spherical approach is developed to describe the specific case of vesicles more appropriately.
B Deformation of a vesicle in the optical stretcher
We analyze the deformation of a vesicle according to the quasispherical approach described in ref. 41 and 42. In this approach, the shape of the vesicle is parametrized in spherical harmonics as
where Y lm ðy; fÞ are the normalized spherical harmonic functions and u lm their associated amplitudes. The radius of the vesicle R is given by the constant volume of the vesicle as
. We assume that the total area A of the vesicle is fixed and can be expressed by A = (4p + D)R 2 where D is the dimensionless excess area related to the difference between apparent area and true area. Below, we only summarize the important equations and results of this approach. A full description is available in the ESI. † The energy induced by the optical stretcher is taken into account in the total free energy of the vesicle. Basically, the optical stretcher will deform the vesicle and pull membrane fluctuations. The shape of the vesicle results then from the minimization of the free energy. The total free energy is the sum of three terms: the bending energy F k , a surface energy F S and the deformation or ''stretching'' energy F s as
The area constraint is taken into account as an area energy such that
where the effective tension S of the vesicle is the Lagrangian multiplier associated with the area. We define a dimensionless tensiong byg SR 2 /k. To model the deformation energy, we use the analytical approximation suggested by Wottawah et al. 37 where the stress is approximated by s(y) = s 0 cos 2 (y). The calculation below can be extended to other analytical functions for the stress as it is always possible to decompose the stress distribution in spherical 6 harmonics and do a similar development as below. Thus, in the case of s = s 0 cos 2 (y), the deformation energy is
The stress distribution can be decomposed in spherical harmonics to give
as a dimensionless stress parameter, the expression of the total free energy is
with
The mean shape of vesicles in the optical stretcher now follows from this energy as there is only one mode with a nonzero mean amplitude which is the elliptical one,
where the bar on any parameter indicates the change due to the optical stretcher related to the spherical case. Experimentally, % u 20 is directly related by eqn (8) to the relative major and minor axis strains, DM and Dm, respectively, by
The area stored in the elliptical mode is, from eqn (15) and area constraint
By defining D fl the area stored in fluctuation which can be expressed explicitly (see ESI †), the total area constraint reads then
This equation is the general equation to calculate the dependence of the effective tensiong =g(D, k, f, l max ) and to deduce the vesicle shape in the optical stretcher.
For vanishing laser amplitude ( f = 0) the dimensionless initial effective tensiong 0 ¼ S 0 Á R 2 k (resp. the initial effective tension S 0 ) can be derived analytically from eqn (18) in three regimes 41 as described in the ESI. † In this work we are mainly interested in the entropic regime, which corresponds to low effective tensions between 10 À7 { S 0 { 10 À3 N m À1 for k E 1-100kT and R E 10 mm.
For low laser power, the applied stress is weak and the tension term is dominant if 4g c f in eqn (15) and (17). This condition is fulfilled in our experiment at small power (see the experimental part). In this low peak stress regime (s 0 R { 6S), we can then obtain a simple expression for the deformation % u 20
whereg is the effective tension of the vesicle that depends implicitly on the stress but should be close to the initial tensioñ g 0 as calculated above. Finally, the mean shape of the vesicle in the optical stretcher is given by
whereR
Considering that in first order, R E R(0) + BÁf, the mean shape of the vesicle in first order becomes
where R(0) is the mean radius at zero optical stress and B is a term independent of f.
To take into account the total area constraint (eqn (18)), we can simplify area expressions using the low peak stress approximation for the entropic regime, which gives
where S 0 and S are the vesicle effective tension (in N m À1 ) for the initial spherical case and the deformed case. This relation is similar to the one developed in ref. 6 , noticing that DA/A = D/4p. However, the effective tension cannot be rigorously determined by the law of Laplace as presented for the minimal liquid drop model, since fluctuations and bending rigidity modify it. 43 But by combining eqn (17) and (22), we can eliminate the effective tension of the vesicle in eqn (19) and obtain a relation between % u 20 and the peak stress s 0 within this approximation
where the fitting parameters are k and S 0 , respectively, the bending modulus and the effective initial tension of the vesicle.
Eqn (23) is the standard equation that will be tested where % u 20 is evaluated experimentally (with eqn (16)) and the peak stress s 0 calculated numerically from experimental parameters.
It is worth noticing that when bending modulus is set to k = 0 in eqn (23), we find again eqn (7) of the minimal model using eqn (16) . Furthermore, the above theoretical description is valid as long as s 0 R { 6S (i.e. 4g c f). When the stress is increased and becomes large enough ( f -N), the above approximation breaks down and all the excess area will be stored in the elliptical mode l = 2. The tension in the vesicle, which depends on the applied stress, is also increased and is expected to depend linearly on the peak-stress in the high peak stress regime (see ESI †). Above a critical stress s c , the deformation of the vesicle is expected to saturate with u 20 ! D 2 r as long as the quasispherical approach is still appropriate. Indeed, in the high peak stress regime, stronger deformations could take place and further effects such as stretching (i.e. dilatation) of the membrane might arise which are not studied here.
IV Experiments
A Deformation of vesicles with an 808 nm optical stretcher EPC vesicles were deformed with the 808 nm open setup. Vesicles were trapped at relatively low power (P E 0.1 W per fiber). We first performed some step-stress tests, where the power was rapidly increased from the trap power to a given stretching power and then maintained for 4 s before reducing back to trap power. A typical vesicle deformation characterized by the major axis strain DM/R = (M R)/R, for a step-stress test, is shown in Fig. 3a . It appears that vesicles respond very quickly to the applied stress as they rapidly reach their final deformation and go back to their initial shape, especially compared to cells. 37 As explained in the Methods section, the laser-fiber coupling was delicate for the 808 nm laser, especially when going from trap power to high power, and a transition time was required to reach the selected power. In order to minimize this transient effect, the power was increased by 0.05 W per fiber step-by-step from the trap power and was kept constant for 15 s to record the steady-state shape of the vesicle. After 15 s, the power was then increased to the next step up to the maximum power (P max E 0.6 W per fiber). A typical step-by-step deformation is shown in Fig. 3b where the major axis strain DM/R and minor axis strain Dm/R of the fitted ellipse are plotted versus total power. Data can be well described by linear fits. The volume conservation of the spheroids implies that Dm/R = 2DM/R which is verified experimentally within the uncertainty of the data (see Fig. 3c ). In addition, in Fig. 3b , two sets of data are shown that correspond to two series for the same vesicle from the trap power to the maximum power.
The second set of data shows an identical trend indicating that no hysteresis exists for vesicles stretched by a 808 nm optical stretcher, i.e., with very low laser heating, even at high power (total power P B 1 W).
We deformed several vesicles with different ratio R/w at a fixed fiber distance (d fiber-fiber = 254 mm), where R is the mean radius of the vesicle and w is the beam radius at the vesicle position. In the experiment, fiber distance, and so beam waist w(w E 9 mm), were kept constant whereas various vesicles with different radii were investigated. To test the minimal model of eqn (7) , deformation data versus the peak stress s 0 are plotted in Fig. 4 and rescaled versus s 0 R. Clearly, the data are well rescaled by this simple model even if some discrepancies seem to exist for small ratio R/w. The fitted slope found is 0.038 Pa À1 . mm À1 which corresponds to initial effective vesicle tensions around S 0 = (4.3 AE 0.5) Â 10 À6 N m À1 . However, we do not expect this model to describe vesicle deformations perfectly as it is not adequate to fit all vesicle data with the same initial tension S 0 . Furthermore, the vesicle tension is not constant but increases with the applied stress as described in the quasispherical approach. The relatively good agreement of the rescaling seems to indicate that vesicle tensions do not vary so much in our case from the value S 0 = 4.3 Â 10 À6 N m À1 , which is in agreement with values of initial tensions of floppy vesicles reported in the literature. 10 This would suggest that the low peak-stress regime is applicable here.
To extract bending rigidity values, we have tested the model based on the quasi-spherical approach presented in eqn (23) . Results are reported in Fig. 5 where the peak-stress s 0 calculated from RO is plotted versus % u 20 estimated from eqn (16). In the low peak-stress regime of deformation, the term associated with tension is dominant if S ) s 0 R 6 . With a vesicle radius on the order of R E 10 mm and S E 4 Â 10 À6 N m À1 , the low peak-stress Solid lines are linear fits with a slope of 0.285 AE 0.018 W 1 for the major axis strain and 0.122 AE 0.018 W 1 for the minor axis strain. (c) Ratio between major and minor axis strains as a function of peak stress, s 0 , for different ratios R/w (R is the radius of the vesicle and w is the waist of the beam at the vesicle position). The ratio DM Dm is close to the theoretical limit 2 corresponding to volume conservation of a spheroid.
regime is applicable, if the peak stress s 0 is {2.5 Pa, which represents an important part of the stress range applicable with the available 808 nm laser. The model has been fitted for bending moduli between 1-100kT. The fitted values of bending moduli are between 1-7.5kT, with a mean value of 2.5kT whereas the fitting values for S 0 are between 3-7.5 Â 10 À6 N m À1 close to the value found earlier with the minimal model of eqn (7) . An example of the sensitivity of the model to fitting parameter is shown in the inset of Fig. 5 . Most of the previously reported values for k for EPC vesicles have been around 6.18kT 10 and 10-11kT 48 even if some higher values of the bending moduli have been reported (57kT 47 ). The values obtained here are then slightly lower than the values reported in the literature. This may indicate that the simple cos 2 approximation is not appropriate to fully describe the shape of vesicles in the optical stretcher, as discussed later. Another possible explanation might be the high osmolarity of solutions used here to increase the refractive index contrast. It has been reported that the bending modulus tends to decrease with the osmolarity, 23, 50 which could explain the smaller values obtained here. It is also important to verify that dilatation of the membrane area is negligible in our experiments. Using the fitted values of k and S 0 for each vesicle in eqn (22) , it is possible to calculate their effective tension S during deformation. We obtained effective tension values which are less than 5 times their initial tension S 0 . Considering that the area expansion modulus is K a B 200 mN m À1 , 5,49 the increase in membrane surface area due to dilatation can be estimated with the following equation (DA/A) dilatation = (S S 0 )/K a . At most, the increase in membrane surface area due to dilatation is found to be 2% of the increase due to the fluctuations which confirms that our data have been taken entirely in the entropic regime. It can also be surprising that the minimal model presented for a liquid drop works relatively well. However, to understand this, it is sufficient to evaluate each term in % u 20 of eqn (15). In the low peak stress regime, which represents an important range of our data, the tension term is dominant in the expression of % u 20 since 4g c f. In addition it is easy to verify that 4g c 24, with k E 1-10kT. Thus, when this approximation is valid, the expression of % u 20 can be simplified to
. With eqn (16) and DM/R = 2Dm/R, we find again the equation of the minimal model:
. This simplified calculation explains also why the saturation regime is not present in the 808 nm deformation data since the peak stress is too small to satisfy s 0 c s c (see ESI †) since s c E 1 Pa with S 0 E 10 À6 N m À1 and R E 10 mm. To reach this saturation regime, the use of smaller initial tension or higher power at 808 nm might help in future studies once appropriate laser sources become available.
B Deformation of vesicles with an optical stretcher at 1064 nm
In this section, we describe the deformation of vesicles with an optical stretcher operated at 1064 nm, which, in addition to Fig. 4 (a) Deformation of 808 nm data characterized by the major axis strain DM/R versus the calculated peak stress for various ratios R/w. (b) Rescaled data according to the model presented in eqn (7) . A typical error bar is indicated and similar error bars exist for other data points but are not shown for clarity. deforming the vesicle, induces significantly more heating than at 808 nm. Similar EPC vesicles were deformed with an open 1064 nm setup which can go to higher stretching powers (P max = 2.5 W per fiber compared to 0.6 W per fiber at 808 nm). A first important difference at 1064 nm with the deformation at 808 nm is shown in Fig. 6a , where the major axis strain changes during the stretching which was not the case for 808 nm stretching (compare with Fig. 3a) . The deformation increases rapidly after the application of the stretching power but starts to decrease during the application of the stretching power. Experimentally, we did not loose contrast, which allows us to rule out a possible formation of a pore or a lysis of the vesicle and which could have led to a decrease in the refractive index contrast and thus applied stress. Using optical tweezers, Bar-Ziv et al. 46 have shown that a strongly focused laser beam could locally induce a high tension comparable to the tension needed to induce packing of lipids and buckling of the bilayers which tends to reduce true membrane area. With optical stretchers, the laser beams are not focused and the divergence of the beams enables us to avoid strong intensity gradients and such a reshaping of the lipid bilayer. Furthermore, such a decrease in deformation does not exist with the 808 optical stretcher, which suggests that this effect can be attributed to the heating induced by laser absorption. Indeed Ebert et al. 13 have reported that the temperature increase in the optical stretcher for 1064 nm is about 13-17 1C W À1 (total power) whereas it is negligible (1.7 1C W À1 ) for 808 nm. The temperature rise in the setup is almost instantaneous according to Ebert et al. 13 (typically a few ms), which matches the experimental observation that the deformation starts to decrease as soon as the stretching power is applied. The example of deformation shown in Fig. 6a and b clearly indicates that the rate of decrease in the major axis strain increases with the power applied during stretching. The implication of heating as the likely cause of this phenomenon is also supported experimentally by the observation of enhanced fluctuations for some vesicles during the stretching time especially for high power. Heating by 1064 nm light might also induce some phase transitions and reorganization during the stretching. Indeed, in EPC vesicles, various lipids might transit over their phase transition temperature such as ((16 : 0) (T = 41 1C) or (17 : 0) (T = 48 1C)) lipids. In addition, the cholesterol could also strongly modify the phase diagram of the lipid mixture. 44, 45 This strain decrease was observed for most of the vesicles and could result in a significant hysteresis of the deformation. Indeed, a second stretch at the same power could show a completely different deformation (not shown). This suggests that an irreversible change in the membrane organization could have occurred. We also note that some of the vesicles do not exhibit a decrease in the deformation during stretching but an increase. Such a strain decrease and hysteresis in deformation might also be the signature of hidden area or defects that are pulled out or created with temperature as it has been reported in micropipette manipulation studies for example. 44 However, this hysteresis does not exist in the 808 nm deformation data which supports the idea that the temperature increase triggers a possible microscopic reorganization of the membrane. These effects make the deformation of vesicles difficult to analyze and seem to be specific to each vesicle. We nevertheless report the major axis strain (Fig. 6c ) for some vesicles where values were taken at the beginning of the stretching time (t = 2 s) i.e. where the deformation is maximum in Fig. 6a . The power was increased step-by-step from low power to high power to keep hysteresis effects to a minimum. Interestingly, the increase in deformation is higher for low peak stress than for high peak stress which was not the case for the 808 nm open setup (see Fig. 4a ). A saturation is predicted by the model described in the ESI † for sufficiently high peak stress s 0 4 s c but the additional influence of heating makes it difficult to quantitatively analyze this saturation behaviour in the current theoretical framework.
C Deformation of vesicles with a combined optical stretcher at 1064/1480 nm
To further investigate the variation of deformation with temperature and to test the ability of dual-beam optical traps to combine stretching and heating, we use a wavelength-division The continuous decrease in strain during constantly applied optical stress is associated with heating effects (see text). From absorption coefficients presented in Table 1 , maximum temperature increases are expected to range linearly from 8 1C to 24 1C above the room temperature for the investigated powers. (b) Difference between the relative major axis strain at t = 2 s (maximum extension) and t = 6 s (minimum extension). (c) Maximum of the major axis strain versus maximum optical stress for different vesicles.
multiplexer to add the output of a single-mode fiber-coupled diode laser operating at 1480 nm wavelength to one of the two optical stretcher fibers, which carry light at 1064 nm wavelength as presented in the Materials section. Furthermore, as detailed below, it enables us to mainly control the optical stress with the 1064 nm and to mainly control temperature with the 1480 nm laser. The two fibers forming the optical trap (one: 1064 nm; other: 1064 nm + 1480 nm) were incorporated into a microfluidic optical stretcher setup. At 1480 nm, the absorption coefficient of water is a = 23.2394 cm À1 compared to a = 0.1458 cm À1 at 1064 nm. 27 Since the temperature increase in a microfluidic optical stretcher has been measured to be 13-17 1C W À1 at 1064 nm 13 and the temperature increase should scale linearly with absorption coefficient (DT B aÁP/L where P is the laser power, L is the heat conductivity of the medium), we estimate a temperature increase of DT(1480) E DT(1064).(23.2394/0.1458) E 2070-2700 1C W À1 . We verified the much increased heating at longer wavelengths using COM-SOL simulations, which are in agreement with previously published experimental results (see Table 1 and ESI †) Hence, it is possible with a 1480 nm laser to induce important temperature changes with very small stretching forces. For example, for an applied power of 10 mW at a wavelength of 1480 nm the temperature rise is expected to be about +20 1C whereas the peak stress is about 0.002 Pa, which is thirty times less than the stress applied at 1064 nm for the mere trapping of a vesicle. In addition, the elastic properties of vesicles change drastically below and above the transition temperature T m . 51, 52 We then expect an important change in deformation for vesicles below and above T m . To test this, we deformed pure DPPC and DSPC vesicles in a combined 1064-1480 nm optical trap in which the 1480 laser enables us to control the initial temperature and the 1064 nm laser is mainly used to control the optical stress. Transition temperatures for these two phospholipids are T m (DPPC) = 41.6 1C and T m (DSPC) = 55 1C 29 respectively. In this experiment, fiber ends were relatively close (d fiber E 160 mm, see Fig. 1e ) which enables a local stretching and heating due to small beam waists (w(1064) E 7 mm and w(1480) E 7.5 mm). For each step, a constant 1480 nm power is applied to increase the temperature without inducing deformation and then a stretching power at 1064 nm is applied during 2 s.
Typical final deformations when the 1064 nm laser is applied are shown in Fig. 7a . The corresponding major axis deformations are shown in Fig. 7b . Above a given 1064 nm power a local deformation is induced at the center of the vesicle resulting in a final 'lemon shape'. At higher power at 1064 nm, the deformation is then extended to the whole vesicle resulting in a final 'cigar shape'. We also note that during the stretching at 1064 nm, before reaching the final 'cigar shape', the vesicle can exhibit strong deviations from the spheroidal shape as shown in Fig. 7c , especially when the radius R is much bigger than the beam waist w. Such deformations can be rationalized by a rather local heating and stress application, so that the heating-induced softening of the lipid bilayer and the local application of stress lead to such irregular shapes. In general, for these intermediate states and large strains, the cos 2 approximation obviously breaks down. Indeed, the non-trivial coupling between irregular shape, optically induced stress distributions and heating induced local softening could lead to very interesting but hard to track vesicle shapes. These irregular deformations explain the shapes of the major axis curves at moderate power (240-305 mW) in Fig. 7b . Importantly, Fig. 7b also shows that at high 1064 power (above 340 mW), the major axis strain is constant during the deformation and does not decrease as observed with EPC vesicles at 1064 nm. Similar deformation curves are obtained for DSPC vesicles. The maximum deformation as a function of 1064 nm power applied, but with constant low power at 1480 nm (typically 8-12 mW), is shown in Fig. 8a for DPPC and DSPC vesicles. The major axis strain can be described in terms of three regimes as a function of 1064 nm power: (I) at low 1064 nm power the temperature in the trap is below T m and the vesicles are in the gel phase. No significant deformation within the uncertainty of the image analysis was detected. (II) When the 1064 nm laser power is above a critical value (E0.2-0.24 W for DPPC and E0.35-0.4 W for DSPC), the vesicle starts to deform. In this second regime, the deformation increases considerably, which cannot just be attributed to the increase in optically applied stress, but is also due to an increase in the temperature above T m induced by 1064 nm. The maximum temperature at the center of the trap can be estimated with T = T amb + 2b(1064) P(1064) + b(1480) P(1480), where T amb is the ambient temperature, b(l) is the coefficient of absorption and P(l) the applied power at the specific wavelength. Thus, at the onset of this second regime, the 1064 nm laser induces only a slight increase in temperature which results in a huge increase in deformation. Since the transition temperature of the DPPC lipid is lower compared to DSPC, the rapid increase in deformation starts at lower 1064 nm powers for DPPC than for DSPC. (III) At higher 1064 nm power the deformation seems to saturate in the range of investigated optical stress. This saturation might be the signature of the saturation regime presented in the theoretical part where all the excess area is stretched. Of note, at these 1480 nm powers, the major axis strain of either DPPC or DSPC vesicles above T m is considerably larger (E60% in major axis strain) than for EPC vesicles (E30%; compare Fig. 3a and 7b) . However, such global behaviour of vesicles with a huge increase in deformation clearly shows that the transition temperature can be detected by this double wavelength optical stretcher by converting the thermodynamic transition into a significant deformation. We also analyzed the deformation of vesicles depending on the 1480 nm laser power added to the 1064 nm stretching power. Unfortunately, the vesicles are very sensitive at the transition temperature so lots of them were destroyed by the application of a rapid stretch or a rapid temperature change. Nevertheless, a general deformation diagram is presented in Fig. S5 (see ESI †) for more than thirty vesicles of DPPC and DSPC and typical results are presented in Fig. 8b . For 8 mW at 1480 nm, the expected initial temperature before the application of the 1064 nm laser is around 36 1C. This indicates that DPPC vesicles are in the gel phase at low power in 1064 nm laser and a transition in deformation is observed at higher power. At 21 and 25 mW in 1480 nm, the initial temperature in the trap is expected to be around 60 1C and 70 1C for DPPC, respectively, so the vesicles are in the liquid phase which explains that no transition between regime I-II-III was observed in these cases. Maximum deformation shapes of vesicles for the various 1480 nm power are also shown in Fig. 8b : for 1064 nm investigated here, it clearly appears that the higher the 1480 nm power is, the smaller the final major axis strain is. This behavior might result from the increase in the effective tension with temperature due to an increase of the fluctuations with temperature. To reach the same deformation, a higher optical stress would then be required. However, other parameters such as refractive index involved in the peak stress or volume of the vesicle which both vary with temperature might play a role.
V Discussion
In this work, the deformation of vesicles by various realizations of dual-beam optical traps (''optical stretchers'') has been analyzed experimentally for various laser wavelengths, and models have been proposed to describe the observed deformations. In the absence of heating, a minimal model, which enables the description of the deformation of liquid drops, can be used to roughly rescale our data, which indicates that the total tension remains close to the initial tension. In order to take into account the specific case of the vesicle and extract the bending modulus, we have proposed a more complex approach based on a quasi-spherical approximation. For vesicles, the total tension is dependent on the applied optical stress and the total tension is the associated Lagrangian multiplier to the total surface area. In addition, in our approach, the angular dependence of the stress profile was explicitly considered and approximated by a cos 2 stress profile. This stress profile was used to estimate the initial tension with the liquid drop model and to extract mechanical properties of vesicles (initial tension and bending modulus) with the quasi-spherical model. Interestingly, in the low peak stress regime the cos 2 stress profile approximation seems to be good enough to yield a reasonable estimate of vesicle properties independent of the ratio between vesicle radius and beam waist, R/w, even if this approximation is supposed to correctly fit the optical stress profile for R/w E 0.8-0.9. A possible explanation for such a success is presented in Fig. S2 (see ESI †) where the total optical force on an object projected along the fiber axis is calculated with RO approximations and with the cos 2 approximation. Whereas the cos 2 approximation seems to describe correctly the total optical force at small R/w ratios (0.4 o R/w o 0.9), some important discrepancies exist at a high R/w ratio (R/w 4 1). Such discrepancies might be the reason for the underestimation of the bending modulus and for the observed deviation between experiments and the fits (in Fig. 5 ) for larger vesicles (R/w = 1.44). This trend is also evident from the deviation of the ratio between major and minor axis strain from 2 (which corresponds to volume conservation of spheroid) in the case of large vesicles and high stresses as shown in Fig. 3 . These discrepancies are then the likely cause of the scattered data of bending modulus obtained here. To take into account more exact stress profiles, the present theory of vesicle deformation must be extended to other shape modes and experiments must consider the complete shape of the vesicle. This could be done by analyzing the whole shape of the vesicle in Fourier modes and by characterizing the associated spherical harmonics. Regarding the calculation of the stress, GLMT theory has revealed that the optical stress is not zero at the pole (y = p/2), 34 which might also explain the underestimation of the bending modulus. Further developments should include a more realistic angular description of the stress since this residual stress will definitely modify the mechanical equilibrium. Such work is outside the scope of the present study, which however lays the basis for it. The underestimation of the bending modulus could also result from the high sugar concentrations used here as already mentioned in the text. Such high concentrations were used to take full benefit from the laser power to deform vesicles with high optical stresses, especially at 808 nm which was not possible in previous studies. Yet, these concentrations are not required to deform vesicles with optical stretchers provided the laser power is large enough. Currently, high powers are more easily available at 1064 nm with fiber lasers (standard available powers are 5 W). Our study reveals that the choice of the laser wavelength is crucial to avoid any heating effects in the deformation behaviour. Deforming EPC vesicles with a 1064 nm optical stretcher clearly induces a non-steady deformation and a hysteresis in deformation which was not the case with a 808 nm optical stretcher. Such a strain decrease was not observed for pure lipid vesicles. The exact underlying mechanisms of this strain decrease for EPC vesicles are still unknown but the induced temperature by the 1064 nm optical stretcher seems to be at the origin of a reorganization in the membrane, which is composed of several lipids and cholesterol. The 1064 nm optical stretcher has been extensively used to perform deformation studies on biological cells. 17, 18, 25 Our study shows that these temperature effects might have important consequences for cell rheological measurements using optical stretchers. Two recent studies 53, 54 have indeed reported temperature effects for cell rheology and have taken explicit advantage of temperature increases in optical stretchers to perform passive and active thermorheological experiments. Despite the above limitations, characterization of physical properties with an optical stretcher presents significant advantages compared to the standard micropipette technique. Optical stretching enables deformation of vesicles without any physical or chemical contact. This could allow high-throughput characterization of vesicles in microfluidic devices. Compared to optical tweezers, the optical stretcher does not rely on strongly focused laser beams, which avoids laser induced effects such as bilayer buckling for example. 46 One of the most critical aspects of the optical characterization compared to other methods is the absorption of laser which leads to heating and can have dramatic effects by inducing phase transitions. However, this study shows that these heating effects do not need to be detrimental but can be useful to study phase transitions in a dual wavelength optical stretcher.
In conclusion, this work has presented the deformation of vesicles in an optical stretcher. We use an open setup, which enables flexibility, and a microfluidic setup, which can be used for fast characterization of many vesicles. This work validates the use of an 808 nm laser to stretch vesicles at low power as already mentioned in ref. 22 , but also at relatively high power, as no significant heating effects have been observed for 808 nm stretching up to 1 W in total power in contrast to the case of 1064 nm stretching. We have proposed a model to account for the observed vesicle deformation and to calculate the elastic properties. A simple model was also proposed for the deformation of liquid drop in the optical stretcher that could be useful for the deformation of drops of very low surface tension, which could help to calibrate the optically induced forces. We have investigated the effect of laser wavelength on the deformation of the vesicles. The decrease of the deformation of a vesicle during a 1064 nm stretching has been described for the first time in the case of a lipid mixture. This effect can safely be attributed to the increased temperature, even if the microscopic mechanism remains to be understood. Eventually, we use a combined optical stretcher operating at 1064 nm and 1480 nm simultaneously to almost independently apply stress or temperature to the vesicle. We show that it is possible to detect the temperature transition of lipids and to induce strong local curvatures with this combined setup. This work thus lays the basis of a microfluidic integrated tool for the efficient mechanical and thermodynamic characterization of vesicles.
